In contrast to Streptococcus thermophilus, carbohydrate metabolism in the group N lactic streptococci has been well studied in recent years, and many of the basic processes relating to sugar transport, utilization, and regulation are known (8, 11, 12, 20) . These microorganisms metabolize lactose and galactose via specific phosphoenolpyruvate (PEP)-dependent phosphotransferase systems (PTS) (2, 13, 14, 16, 24) . In addition, galactose can also be transported via a galactose permease (galP) and further metabolized by enzymes of the Leloir pathway (2, 9) . Thompson and Thomas (26) and Thompson (23) have shown that the glycolytic reactions in Streptococcus lactis ML3 are regulated such that high internal concentrations of PEP and the PEP precursors, 3-phosphoglycerate and 2-phosphoglycerate, are maintained during starvation conditions. Starved cells are thus primed for sugar transport when PTS substrates do become available. In contrast to the PTS, the galP system in S. lactis ML3 and 133 (25) and the P-galactoside permnease system in the atypical S. lactis 7962 (6) are ATP dependent, and active transport ofgalactosides by these systems occurs only when cells are energized with ATP. Furthermore, S. lactis 7962 lacks an endogenous energy reserve and requires ATP-generating substrates (glucose or arginine) for concentrative accumulation of P-galactosides (6) .
Sugar metabolism in S. thermophilus differs from that observed for the group N lactic streptococci. Although these microorganisms ferment lactose, they lack PTS and phospho-p-galactosidase activity and instead appear to transport lactose via a lactose permease (17, 27) . In addition, most strains of S. thermophilus are unable to ferment galactose, either as the free sugar or that generated intracellularly by lactose hydrolysis (15, 27) . The recent isolation (21) Unlike S. lactis, S. thermophilus is unable to deaminate and produce ATP from arginine and depends exclusively on fermentation of carbohydrates to meet its energy needs. When sucrose, which is rapidly fermented by S. thermophilus, was added to cell suspensions before [14C]galactose addition, galactose uptake in both Gal' and Gal-strains occurred (Fig. 2) . Galactose-grown S. thermophilus TS2b transported galactose more rapidly and to greater intracellular concentrations than did the same strain grown in lactose. Strain TS2 (Gal-) grown in lactose accumulated galactose to lower internal concentrations, but above the medium concentration, indicating that active transport was occurring. All other Gal-strains also transported galactose when energized with sucrose. Although TMG uptake occurred at a low rate in energized, galactose-grown cells of TS2b, no uptake was observed in energized lactose-grown cells of either TS2b or any of the Gal-strains.
Other potential energy sources were examined for their ability to promote galactose transport, although the narrow range of compounds which S. thermophilus ferments limited the number of possible energizers. Cells preincubated with sucrose and, to a lesser extent, lactose could accumulate galactose, but glucose and a 0.01% Casamino Acids (Difco) solution were not effective in providing transport energy. The slow rates of growth on glucose and uptake of (Fig. 3) . NaF-treated cells accumulated galactose at a rate and to an intracellular steady-state concentration of about 50% of the control. Sodium azide had no effect on galactose uptake. When IAA or NaF was added after preincubation with sucrose, galactose accumulation was only slightly reduced, indicating little direct effect on the galactose transport system, although IAA at higher concentrations (>10 mM) inhibited transport activity in fully energized cells. N-Ethylmaleimide, also a sulfhydryl reagent, had no effect on transport activity at 5.0 mM.
Effect of ionophores. Inhibition of galactose uptake by the proton ionophores carbonyl cyanide m-chlorophenylhydrazone and pentachlorophenol added to fully energized cells indicated that transport was mediated via a proton motive force (Fig. 4) . In addition, starved cells of S. thermophilus TS2b suspended in an artificially imposed gradient (prepared by adding valinomycin to cells in potassium-free buffer) accumulated galactose to more than 10 times the medium concentration. However, cells were resistant to DCCD, an ATPase inhibitor (data not shown).
Kinetics of galactose uptake. Kinetic plots of galactose transport were made from data obtained with both Gal' and Gal-strains, and typical saturation kinetics were observed, as shown for strain TS2b (Fig. 5) (6) and Thompson (25) , inhibition of galactose uptake by a competing sugar relates directly to the affinity of that sugar for the galP binding site. Lactose, galactose, TMG, o-nitrophenyl-,-D-galactopyranoside, and 3-methyl galactoside, added at 5 times the ['4C]galactose concentration, reduced accumulation of the latter by 28 to 37%, whereas a-methyl galactoside and thiodigalactoside had less effect ( Table 1 ). The addition of glucose and sucrose had no inhibitory effect on [14CJgalac-tose uptake. medium (15, 21, 27) . The Gal-phenotype in these strains has been thought to be due to either the absence of one or more catabolic enzymes, the absence of a specific galactose transport system, or both (15, 17) . Hutkins et al. (5) have shown that both Gal' and Gal-strains of S. thermophilus possessed the Leloir pathway enzyme, galactokinase and Thomas and Crow (21) recently described activities of galactokinase and two other Leloir enzymes, uridine diphosphate glucose-4-epimerase and galactose-1-phosphate uridyl transferase, in Gal' and Gal-strains. The latter authors suggested that galactokinase may be rate limiting, assuming that S. thermophilus possessed a galactose transport system. However, the existence of such a system in these organisms has not been reported.
Initial findings indicated that lactose transport activity was present in resting cells of strain TS2b, but that these cells were unable to accumulate galactose (Fig. 1) . These results suggested that lactose uptake could occur in the absence of an exogenous energy source, presumably because ATP was rapidly produced from passive or facilitated diffusion and subsequent metabolism of lactose, thus fueling additional active transport by the lactose permease.
In contrast, galactose is metabolized more slowly than lactose, and the slow rate of ATP generation from galactose may have limited subsequent accumulation of galactose. Transport of galactose occurred only when an additional metabolizable energy source was provided (Fig. 2) . Similarly, in S. lactis ML3, galactose uptake by the galP system also required an exogenous energy source, arginine or glucose (25) . These results suggest that resting cells of S. thermophilus are essentially energy depleted.
Both sucrose and lactose are rapidly fermented by TS2b with generation times of 20 to 25 min (21) , and both sugars would be expected to energize cells. However, cells preincubated with lactose accumulated galactose at a significantly slower rate than sucrose-treated cells. Lactose, which is structurally similar to galactose in that both sugars are ,-D-galactosides, may compete for the galP binding site (Table 1) and reduce galactose entry into the cells. Sucrose, however, is structurally distinct from galactose and had little affinity for the galP ( Table 1) . The difference in galactose uptake activity in sucrose-and lactose-treated cells may have been due to this competitive effect.
The glycolytic inhibitors NaF and IAA have been used to control the rate of glycolysis and formation of ATP and PEP in S. lactis in vivo (13) . In S. lactis C2, NaF effectively blocked PTS activity, since PEP could not be produced (13) . NaF had no effect on lactose uptake in S. lactis 7962, however, since this system was not dependent on PEP (13) . In S. thermophilus cells preincubated with sucrose and 10 mM NaF, the initial rate of galactose uptake was reduced by about 50%, indicating that enough ATP was produced to fuel the galactose transport system, but to a lesser degree than in control cells not treated with NaF. IAA blocks all glycolytic activity and essentially prevented ATP formation in S. thermophilus, as indicated by the absence of galactose accumulation as well as lactose uptake (data not shown). The absence of PEP-dependent phosphorylation of galactose by cell extracts of S. thermophilus (5) further indicated that these organisms lacked a PTS that was specific for galactose. Kashket and Wilson (6) and Thompson (25) used protonconducting ionophores to demonstrate the involvement of a proton motive force in the galactose transport system in S. lactis. Galactose uptake by S. thermophilus was sensitive to both carbonyl cyanide m-chlorophenylhydrazone and pentachlorophenyl at S ,uM; at higher concentrations (1 mM), galactose uptake was abolished. The data indicate that galactose transport in S. thermophilus is dependent on a proton motive force similar to that in S. lactis 7962 (7) .
Although the ATPase inhibitor DCCD had no effect on galactose uptake in S. thermophilus TS2b, it may be that this organism is resistant to the action of this compound. Resistance to DCCD has been reported in Streptococcus faecalis (1) and Escherichia coli (4) . Fillingame (4) thermophilus is due not only to differences in Leloir pathway enzyme activities, but also to differences in galactose transport activities in these strains.
